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[57] ABSTRACT 

The wireless communication system, comprising a transmit - 
, t er an^.»a-TXCe1Vgrrofictatcs according to the present PPM - 
^ F^Jpodulation format v/h^^o subcarricr frequencies f j 
aixj^ fa . The PPM encoded data ^ftJlhe main data channel 43 
are Ibdl.tP two pulse shaping circi^ (30, 31) for additional 



frequency modidati 



fcauencies. Jlie resulting 



hybrid PPM-FSK sig nal is used to drive a li^ht source (32 ^ 
The receiver comprises a photodiode (34) coupled to an 
amplifier (35). The electrical signal obtained at the output of 
the amplifier (35) is fed to bandpass filters (36, 37) and 
envelope detectors (38, 39). The outputs of the envelope 
detectois are fed to a device (40) designed for pulse resto- 
ration and frequency deci.sinn. T g a first operation, device 
(40) uses the output signals of the tw o envelope detectors' 
.(38. -39)_to_dcrivc from them the estimated t^Pivi encoded 
data signal It then uses this signal to produce estimat ed 
restored pulses and outputs them. Then devic e (40) uses tje 
out put si g nals of the two envelope detectors lo aenve t^e 
estimated frequency intbnnation which carries auxiliar y 
data information , I t then use s this signal to produce esti - 
mated restored auxiliary data bits . 

16 Claims, 9 Drawing Sheets 
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METHOD AND APPARATUS FOR OPTICAL collocated muliiple channels. 

WIRELESS COMMUNICATION duplex transmission, and 

TECHNICAL FIELD flexible use and adi^tation of bandwidth, and data 

throughpul. 

The present invention concerns a method and apparatus ^ In addition, optical PPM communications systems suffer 

for optical communication based on pulse-position- from interference caused by fluorescent light sources at 

modulation (PPM). frequencies up to 500 kHz. 

_Freqii£ncy-^hift_ Keying (FSK) >-Qn the other band, is a 

BACKGROUND OF THE INVENTION carrier (band pass^ modulation scheme which is well suited 

With the rapidly increasing number of wodcstations and fcr multiple channel operation but is poor in tenns ol power 

personal computers (e.g. desktop or handheld ones) in all efSciencv when compar ed to L>PPM. IR communications 

areas of business, administration, fabrication etc., there is systems with bandwidths of up to 30 MHz can be achieved 

also an increasing demand for flexible and simple intercon- wi**» ^days component technology and further advances m 

nection of these systems. There is a similar need as far as the tcnns of available bandwidth are expected in the fumrc. 

hook-up and interconnection of peripheral devices, such as Present baseband PPM systems do not fully exploit this 

keyboards, computer mice, printers, plotters, scanners, dis- available frequency spectrum. 

plays etc., is concerned. The use of electrical wire networks ^ another disadvantage of known optical oommunica- 

and cables becomes a problem in particular with increasing systems that they arc susceptible to interference caused 

density of systems and peripheral devices and in the many residual ambient light Especially wireless IR data com- 

cases where the location of systems, or the configuration of munication systems operating in a daylight environment are 

subsystems, must be changed frequently. It is therefore exposed to a high level of shot noise caused by light falling 

desirable to use wireless communication systems for inter- receiver photodiode. Light from an incandescent 

connecting such devices and systems to eliminate the lamp falhng on the receiver diode is a source of shot 

requirement of electrical cable networks. ^oise having a detrimental influence on tbe IR 

In particular the use of infrared signals for exchangin g ^ communication, too Due to residual ambient light, or due to 

informatio n betv^fTcn systems and rem ote devices received "^^'^^ ^P^^^^^ obstrucUons, the maxunum trans- 

mcreascd interest during recent years. The advantage ^l^ h f^^^^"^ range between any two stations of an optical wire- 

wireless infrared (xTmrnunications systems is the e liS^on communication system is variable. As a result, the 

of most of the coDvcntiopal wiring. With respect toiaio 30 ^^"^"'^ connecUvity is unreliable except for very short 

frequency (rF) wireless transmission, optical infrared (IR) distances. 

wireless transmission ha s tbe advan tages that no com rnuni- Furthermore, the output power of a bght source used as 

cation regulations annlv and no PIT ' or b ' CC hcen se i s transmitter, e.g^ a convenUonal LED or a laser diode, is 

regu^i y^ditionaUyrno dis^ by electro-magnedc l"^'^^^ ^^^^ i?^^ ^^f. maxunum transmission range is 

interference and no interference from other RFchamiels can « limited, too. These diodes can usuaUy not be operated 

occur, and the radiation is confined to a room so that better constajiUy smoe the operation at high power has a detri- 

data security is guaranteed than with RF systems. There is '^^''^'''^ ^^"^ • ^^^T' V^^reasmg the 

thus no interference with similar systems operating next PliPtodtode area of the receiver, the transmission range may 

door and a higher degree of data security is afforded than ^'^f^ increased. Such a receiver is usuaUy integrated in 

radio-frequency transmission can offer. In contrast to radio- a portable computer or a peripheral device and the size 

frequency antennae, the dimensions of light emitting diodes photodiode area is hmited due to design considerations and 

(LED) and photodiodes are usually smaller, which is of restnctions. 

particular interest when designing portable computers. SUMMARY OF THE INVENTION 

Given an optical channel where the optical transmitter , . . . ^ . 

power, the ambient light conditions, and the photodiode area 45 ^} ^"^f >nventxon to provide a method 

are all fixed quantities, power efficiency becomes die main ^ apparatus for improved and more flexible optical com- 

criterion in choosing a modulation scheme in order to mumcation. 

maximize the distance over which rehable transmission can another object of the present invention to provide a 
be maintaine d. Judged by the power eflSciency and ignoring method and apparatus for improved infrared (IR) commu- 
ba ndwidth effi ciency, L-sloL^uls e^osition^mojulatiob 50 nication making efficient use of the characteristics of IRUght 
iljgP MT^a'bTlhe prefe^d modulation sdiSmfe^i^r ^ ^""^tting diodes and IR emitting lasers. 
^ ' " Being a baseban d modulation ) It is an object of the present invention to provide a method 
i6<ltor-lhQse_a pphcations whe're, ..^^^^ apparams for optical, multiple collocated networks and 
- ffltatipl^co noca ted Optical networKs arc required; ^ri<::eoniv duplex transmission networks. 
_aZsing l6~L-FFM system can operate in a given location 55 The above objects have been accomplished by provision 
mlh.< ai,t_coordiDation between collocatcfl networjc s. as of a new modulation scheme for optical wireless commu- 
already mentioned, there is an increasing demand for optical nication. This new modulation scheme is based on an L-slot 
wireless local area netwocks (WLANs) and peer-to-peer pulse -position-modulation (L-PPM) scheme and allows the 
networks which can coexist independently within the same transmission of additional or redimdant infoanation as band- 
location. PPM is not suited for these kind of collocated pass Components as claimed, 
networks. 

There is no approach known which satisfies the require- 
ments for high power efl&ciency and reliability under adverse 

conditions as well as the demand for collocated independent The invention is described in detail below with reference 

disturtjance- and interference-free optical networks. While 65 to the following drawings: 

L-PPM might be the preferred method with respect to power FIG. 1 A shows a wireless optical link between a computer 

efficiency, it cannot provide for and a keyboard. 



DESCRIPTION OF THE DRAWINGS AND 
NOTAnONS USED 
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FIG. IB shows a wireless optica] network, sometimes LAN on a T^le, is shown in FIG. IB. As illustrated in this 

called LAN on a table, interconnecting different computers Figure, three difEerent units are linked to a fourth one. In the 

and terminals as well as peripheral devices (e.g. a printer). present example, two computers 23, 25 and a terminal 24 are 

FIG. IC shows a wireless optical network with ring linked to a printer 22. 

topology, called Intra OfiBce LAN, interconnecting different ^ i ^ , ... . \ . 

. J . c *• In FIG. IC, a wireless optical network with rmg topology, 

computers and a mamframe. „ . . ^ Aa= x ai.t • l r« . ^ f • 

. ^ . , . . ... called Intra Office LAN, is shown. This network mtercon- 

FIG. ID shows part of a w«el«« opUcal network ^wth a computeis 27 with a mainframe machine 26. 
repeater situated at the ceilmg, called Intra Office LAN with 

repeater, usually employed in open area offices, conference Another exemplary optical network configuration is 

rooms, or factory halls. shown in FIG. ID. Afirst unit, e.g. a repeater 28, is situated 

FIG. 2 illustrates a frame signal set for a L-slot hybrid at the ceiling in order to be able to communicate with remote 

PPM-FSK system (L-16), in accordance with the present units. In the present example the remote units are computers 

invention. 29. Such a configuration is usually called Intra Office LAN 

FIG. 3A illustrates an example of a rectangular shaped 15 with repeater, and might be employed in open area offices, 

pulse according to equation (la) for a L-slot hybrid PPM- conference rooms, and factory halls. 

I^SK system (n=4). 1^^^ determined by experiment that the bit error 

^FIG^3B)illustrates an example of a rectangular shaped probabUity of optical communications systems strongly 

pube-ac^rding to equation (lb) for a L-slot hybrid PPM- depends on the noise generated by different ambient light 

FSKsystem (nn4). 20 environments. Conventional wireless optical systems have 

QFIG^llustrates an example of a sinusoidal shaped pulse proved difficult to operate reliaby under realistic office 

for a L^ot h ybrid PPM-FSK system ^ conditions. 

no. 5 iUustrates an estimated cMmple of a rectangular j„ j^y^^ ^ ^ 

shaped pulse for a L-slot hybrid PPM-FSK system (see also ^ hy hri, PPXl Ki r rpnir. rn«i.;nn.n,nH«l M.nn faj^mncy. 

' shift-keying) scheme, a novel modulation format, will be 

a) pulse time response, Addressed., _ ~ ' ^ 

b) pulse frequency response, Frame^gnllSe^ ^ 

c) frequency respond, of filtered (bandpass) pulse, and >Jq 2 shows the frame si^al set for an L-slot hybrid 

d) Umc response of filtered (bandpass) pulse. 30 p^p^.psK .v^em with, exTmnle 1 6 slots (L-l^V As In 
FIG. 6 Illustrates an esumaled example of a sinusoidal A convcntion^^^^^^ system, there Ire L^S^t 

shaped pulse for a L-slot hybrid PPM-FSK system (see also / pulse positions, such that the^pulse in eachliame fsoSgSSTs '^ 

/ also referred to as symbol) carries l og,(L ) bits of infonna- 

a) pulse lime response, / tion. In contrast to ordinary L^PPM systems where^ the/ 

b) pulse frequency response, / pulses" transmittea are rectangular baseband pulses, tb 

c) fi-equency response of filtered (bandpass) pulse, andl present hybrid PPM-FSK systems use a pulse, poss^ y 

d) time response of filtered (bandpass) pulse. I noa-rectanpar lor spectral shaping, whicn is aisgHERr- 
FIG. 7 iUustrates an estimated example of the effect on ^ quency modulated (indicated bv the shaded pulse^n FIG. 

bandpass signal (bottom) in the presence of multipath dis- "^2— see,aJs.(LFJGiS..3A.and3B). Both basebagjMSPPM and 

tortion. hybrid PPM-FSK use intensities^sucb-thafF, the allowed 

FIG. 8 iUustrates an estimated example of Uie effect on a average intensity of the light source of the transmitter, is 

baseband signal (bottom) in the presence of multipath dis- usuaUy not exceeded. Under certain conditions exceptions 

loi-^on. tolerable. 

FIG. 9 shows a first basic implementation of the present Rectangxdar Shaped Pulse 

hybrid PPM>FSK system with two subcarrier frequencies. FIGS. 3A and 3B show exemplary rectangular shaped 

FIG. 10 shows an opto -electronic receiver in accordance pulses. to^be used in the_present hybrid PPM-FSK system , 

with the present invention in order to iUustrate the modu- Their forms reflect the fact t h at the o p tical intensity of tge 

larity and compatibility of the present hybrid PPM-FSK QpiicaUransmiUcr, e.g . an tk transmitter, can only have 

scheme with conventional PPM systems. pos itive values. The proposed h ybri d PPM-FSK makes use 

DE-miLED DESCRIFnON ofThe allowed average intensity, which can be delivered 

b y the transmitter. Le. the average mjcnsitv of the frequency 

An optical wireless communications system, as herein modulated pulse in FIG. 3A equals P, the average intensit y 

addressed, co mprises a first unit sc rving^a sUfaBMaittet-and -ofn he_correspondm'g rectanguiar baseband pulse (dashed 

a second unit as receiver, the transmitter comprising a ligh t 55 Unes in FIGS. 3A and 3By We ignore here the fact that the 

sourc e and the receiver comprising a photodiodc . The word peak intensity of the transmitter may also be limited in 

unit is hereinafter used as a synonym for all kinds of practice; also^jinder certain conditions, for example as in 

computers, tennmals, repealers, peripheral devices, etc. FIG. 3B, P may be insignificantly exceeded, 

which might communicate with each other, either unidirec- Mathematically, the rectangular shaped pulse for L-slot 

tional or bidirectional. hybrid PPM-FSK can take the form 

Note that, when herein referring to optical signal source, 

aU different kinds of diodes, including the conventional fi-co/2;r— A O^kT/l 

LEDs as weU as laser diodes, are meant p(t) = J v r j' 

In the foUowing, some typical configurations of wireless [o, oihciwisc, 

communications systems are presented. A simple wireless 65 
optical Unk between a computer and a keyboard is iUustrated 
in FIG. lA. A wireless optical network, sometimes called 
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-continued 

othenwise. 



(lb) 



with two subcarrier freguenq iftg assipr ned to the same set , 
' log,(2L) bits per frame can be transmitied. In gencraJ, witii 
M subcanj fer frequencies a'^^i ^ned to tfle same sei^iog ^^MiJ) 
bits per Cfl" hp fran^miftf^ Wr, thus QCDne a HCW 

expanded f rame signal opt, Hpfin^H An ih^ jpti>n«ltjn7r)^ 



where T is the frame diiration, L is the nmnber of slots per 
frame and n^l is an integer (in FIGS. 3A and 3B n=4 is 
used). The resulting subcarrier frequencies are thus nl/T and 
(ja+OS)l/T, respectively. The frame signal set, shown in 
FIG. 2, can now be defined on the interval t €[0,1) as 



(P 



pif-(f-i)r/Li, (/-ixr//osr</{r/t) 

otherwise. 



(2) 



with i=l, 2, 3, . , . , L. Independent frame signal sets of the 
form (2) can be obtained by properly choosing different 
values for n in equations (la) or (lb) for each set, yielding 
different subcarrier frequencies. Note that equations (1) 
imply 100% modulation of the rectangular pulse with the 
subcarrier. In practice, less than 100% modulation may be 
used. 

Arbitrary Shaped Pulse 

Pulse shaping can be introduced to control the frequency 
spectrum of the pulse. Let g(t) be a positive function defined 
on the interval [0, T/L) such that 



1 /^/t 
•tJo ^ 



(3) 



P(0 = 



0, 



Ost<T/L 
othenvlse. 



( r / (n 4- Q.5)L W 



30 



Equation (3) assures that hybrid PPM-FSK signals essen- 
tially satisfy the transmitter's average intensity constraint. 
The arbitrary shaped pulse used in the present hybrid ^5 
PPM-FSK systems is then given by 



(4a) 



(4b) 



10 



1 0, otherwise. 



(5) 



with i»l, 2, . . . , L; msl, 2, . . . , M, where the pulse for the 
m-th subcarrier is defined as 



15 



20 



otheiwise. 



(6a) 



(6b) 



otheiwise. 



25 



with integers n„=np 112, 



n^. The subcarrier pulse 



s ignals are orthogonal to each other (zero cross-correlation) 
smce their separation m frequency is a multiple of L/T. This 
property allows for both coherent and noncoherent detectio n 
of the bandpass compone nb ^ of the PPM-FSK pulses , 
although the latter method has proved to be more practical. 
Tables 1, 2, and 3 illustrate the relevant parameters which 
characterize expanded frame signal sets. The following 
definitions apply: 

L number of slots per frame 

M number of subcacricrs in frame signal set 

log2(Af L) number of bits trcnanitted per frame 

T frame duration [s) 



45 



= logj ( M L) / r aggregate bit rate [bps] 



pulse (slot) width [s] 



otherwise. 



For the rectangular pulse illustrated in FIGS. 3 A and 3B the 
shaping function g(t)-LP, 0^t<T/L. For the example shown 50 
in FIG. 4, equation (4a) has been used with g(t)B(n/2) sin 
[ji(Ur)il 0^t<T/L. 
Bandpass Signal 

Fins .S and d show fiYamplfis fnrah&-i:ec taaguUr pulse 
and the sinusoidaLshaped pulse, respectively, usini^ eouation 55 
(4 a) wifh n°4. ine time responses (at the bottom 01 these 
figures) tor the filtered pulses (bandpass signals) indict 
that the shaping function g(t) can be recovered trom the 
envelope of the frame pass signal. 

Expanded Frame Signal Set 60 

The frame signal set for hybrid PPM-FSK defined in g) 
fo,LgZs^cifi c subcarrier frequency transmits log 2 (L) bits per 
frame/ as is ihe case toFbaseband L-PPM. jjgc wk y^f 
i ncreasing the dimensionality of the frame slgn ai set, but 
^tboutchanging L » is to assign different subcamer frequen- 65 
cie s to the same frame signal set, ralEernHan assignmg 
different subcarriers to independent signal sets. For example. 



TABLE 1 



16 
32 



Example for ° 1 Mbps and M o 1 

log2(ML) Tins] Tins] 



500 
500 
375 
250 
156^ 



1000 
2000 
3000 
4000 
5000 



TABLE 2 



Example for = 1 Mbps and M » 2 

Iog2(ML) tjiis] Ttns] 



1000 
750 



2000 
3000 
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TABLE 2-contiaued 
Example for Rt. - 1 Mbps and M - 2 



L iogsCML) Tins] Tins] 



8 4 500 4000 

16 5 5000 

32 6 6000 



10 

Alternatively, the pulse (slot) width t can be kept const ant 
as M is chang ed, resulting in an increased ag gregate data 
rate. The relative increase can be expressed as 

RUM) ^ ^ loggCM) (7) 15 

RUM = I) ^ logatD ■ 

r 

. Fo r_M"2 . Xor example, the increase in aggre gate data rate 
is_100/ log,(L y in percent (sec tabic 3). Note that we ignore ^ 
guard bands betw een frames or pacKets ot names wfien 
c omputing the ag gre gate^atTratgT ^ 

TABLE 3 

Ejcampte of increase in data rate for M «» 2 



L 100/log2(L)I%] 



2 


100 


4 


50 


8 


33 


16 


25 


32 


20 



Effect of Multipath Propagation 35 

Multipath propagation affects hybrid PPM-FSK signals 
such that the signal components from the delayed paths 
constructively or destructively influence the composite 
signal, depending on the relation between the delays and the 
subcarrier frequency. Conventional FSK is affected simi- ^° 
larly. The simple two-path model 

Ki)^t>*os{t-tD) (8) 

45 

LS considered, where t^, is the delay lime and a is an 
attenuation factor. With equation (la) for the pulse 
waveform, the effect of destructive multipath distortion is 
illustrated in FIGS. 7 and 8 (where n»=4, a«0.5, and i^^/S) 
the bandpass (filtered) waveform is reduced in amplitude by 50 
a factor of two while the amplitude of the baseband pulse is 
increased by about 50%. Constructive multipath distortion 
of the bandpass waveform can be similarly obtained with an 
appropriate t^. The case illustrated in FIGS. 7 and 8 is rather 
extreme to show the effect 5S 

The effect of multipath distortion in a practical situation 
depends critically on the chosen data rate which in turn 
determines the slot width T/L used. Based on estimates of 
the power penalty incurred by muhipath distortion for an 
on-off keyed (OOK) system, it can be expected that similar 
results hold for the present hybrid PPM-FSK signals. 
Compatibility with (existing) Baseband PPM Systems 

From equations (4a) and (4b) follows clearly that the 
frequency spectrum of the intensity pulse p(t) has a base- 65 
band component as well as a banc^ass component. For 
equation (4a) we have the Fourier transform pair 



pm ^ -» /V) = W) - 5[g(/ + y] + c(/ - y )]• 

With appropriate choice of n, this implies that IR intensity 
signals transmitted from a hybrid PPM-FSK source can be " 
received from both bandpass receivers as well as baseband 
receivers. Hence, the present hybrid PPM-FSK systems can 
be made downward compatible with existing baseband PPM 
schemes. Downward compatibility can be used with only a 
single network operating in a given location since the 
baseband spectra of different uncoordinated subcarrier 
pulses interfere with each other. 
Potential for Diversity Gain 

The fact that equation (9) holds for hybrid PPM-FSK 
pulses may be exploited by combining signals simulta- 
neously recovered from a bandpass receiver (envelope) and 
a baseband receiver. Such a scheme may improve system 
performance, in particular in the presence of multipath 
distortion. Again, this scheme can only be applied when a 
single network is being used in a given location since the 
baseband spectra of different, uncoordinated subcarrier 
pulses interfere with each other. 

In the following, some applications of the present hybrid 
PPM-FSK scheme in optical wireless systems are addressed. 
Hybrid PPM-FSK signals can be used in different ways in 
optical wireless systems. The added dimensionality in the 
frequency domain can be exploited to obtain different modes 
of operation: 

1. Independent Collocated Networks 

Different frame signal sets can be assigned to different 
subcarrier frequencies to obtain independent multichannel 
operation for collocated networks. The receivers in a given 
network use the same bandpass filters to suppress interfer- 
ence from the collocated networks operating with different 
subcarriers. In addition, any interference caused by fluores- 
cent light sources is suppressed in all networks, provided 
that the smallest n in equations (la) and (lb) is chosen such 
that the corresponding bandpass filter passes no frequency 
components below the frequency limit to which interference 
from fluorescent lighting can be expected. This frequency 
limit is typically 500 kHz. 

2. Coordinated CoUocated Networks 

If needed, collocated networks operating with different 
subcarrier frequencies could coordinate their activities by 
observing the baseband spectrum since the transmitters of all 
networks are transmitting the baseband pulse besides the 
desired bandpass signal. Any active transmitter within the 
different networks can thus be sensed by all networks, 
independent of the subcarrier frequency used by a particular 
network. The ''carrier sense'* detector (actually sensing the 
baseband spectrum) can be identical for all receivers used in 
the different networks. 

3. Single Network with Auxiliary Channel 

Assume a situation where only a single network operates, 
in the same location. The added frequency dimension 
offered by the present hybrid PPM-FSK signals could then 
be used to obtain a higher aggregate data rate as explained 
above. Alternatively, the frequency dimension could be iised 
as an auxiliary parallel channel to simultaneously transmit 
independent data, or redundant (e.g. parity) data. The redun- 
dant data could for example be used for error correction or 
erasure. Two scenarios are possible: 

The main channel is formed by either the baseband 
L-PPM scheme or the basic underlying L-PPM scheme 
(ignoring information on subcarrier frequencies), 
which transmits at the bit rate R,^"[log3(L)]/T, and 
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the auxiliary channel is formed by M^2 subcarriers. Exemplar y implementatioas .QLtbe-prc^ nt iavention are 

which transnait at the bit rate Rfli„-pog2(M)yr. d escribed in the following. On the left-hand side of FIG. ST. 

The main channel is formed by the baseband L-PPM an IR tran smitter is shown which operates, according to"tlic 

""^heme, which transmits at the bit ''^te'R ^Hjog^]/ Tiyfaria"PP M-FSK m odulation format pr oposed, with two 

T Onl y one subcarrier (M°l) is uscdri c. data on the s s ubcarri er frcqy nci^^^ antff;^rThc"PPKi encoded aata^n 

auxiliary channel are conveyed "by on-ofa Keying" the main data cha nnel 43~ainff~fetl~l6 iwU" pulse 'Shaping 

TOOK^ of the subcarrier at the rate l/T . ^ c irCTjis^O and"311for adBitional trequency modulation with 

If used independently, the main and auxiliary diannels Jeouencies f. and fc >._Esa)e ctiveiv. accordmg to tjquaCio ns ^L-^ 

can transmit independent data to two di£ferent destinations. _(la) or (lb ). The binary_auxiUa ry_data _cbaLnnel 33 is used^fo 

If the auxiliary channel transmits redtmdant data some error select one of the FS K modulator outputs, for cxample,~a n \ /i/t>^t^ J^ ' 

correction/erasure scheme can be implemented. The auxil- ja uxiliary data '^0" selects the output of the upper moduk tor ^^^^^^JU 

iary channel may also be useful during setup of coimections. 30 and ajg a uxili ary dat a "1" selects the lower output of the^ 

The auxiliary channel might also be used for retransmission modulator SYTThe resulgn g'S ybridTPMn^lCSigtraHs'then 

of data in order to reduce the error probability under adverse use d to control a current source 42 which in tur n mod ulates 

conditions. the intensity of the IR light source 32 (LED or laser dio3e). 

4. Multiple Collocated Networks with Auxiliary Channels A receiver frontend for hybrid PPM-FSK IR intensit y 
Assume a situation where multiple networks operate in signals can be implemented using ba sic components deve l^ 

the same location, i.e, the baseband spectrum of the channel oped separately m me past tor t^FM or K^k modulated 

cannot be used. The added- frequency dimension ofifercd by ^ignals.Aphot o_diodc"34TfaH5raies ine received IR hghi into 

hybrid PPM-FSK signals could then be used to obtain a an electrical current which resu l ts in a corr esponding voltage 

higher aggregate data rate by using a distinct set of M 20 a t the output of the ainplifier SS.'llic g ain ot this amp lifier 

subcarriers for each network, as explained above. might be controlled by a c orresponding gain coptro rcir' 

Alternatively, the frequency dimension could be used as an ciutfy(Ati Q"44:whiCh'0pgrgtessucn_tnat it ensures-cons lSnt 

auxiliary parallel channel to simultaneously transmit inde- output voltage over a suitable range of received levels of IR 

pendent data or redundant (e.g. parity) data for error cor- l iEht. In-this.cxample. thcgain control circuitry 44 def ies 

rection or erasure. In this application^ f|ift main channel is 25 Q^ ^P^^ si gna l controlling ampliAcr 33 rrom measunnglft e 

formed b y the basic underlying L-PP M scheme (ignoring signH^plinrdes at-tbe-oucputs-of-^hc envelope deieciors 38 ^ 

informatior^ubcaiTier frequencies), which transmitTa! and 39/Other schemes are possible as yell. Other afra^e- 0J^^\^ 

the bit rate R^,....-Jlog.(L^Vr: and the auxiliary chamiel is "^f^^^?^ ^ Tft 'fUiT} i6i><^ / 7 ^ 

formed bv M^2s!i bcaiTieX which tran smit at die bit ra te able The electricd signal obtained at the outputon^'-^ M9t(^ 

11 used mdependenUy, the two charmel s 30 f SVeLre ? MU^i^ 

any particular neiwocK can transmit moependent data to :TO LQutEm^^ ' Xt^^ 

two different destmaUons. If the auxihary channel transmits to a device 40 wbid i_Js_s nedficalird^sig^^ ^J^^ 

redundant data some error correcUon/erasure scheme might restoration and frequ ency de cision based on h ybrid PPM^ PpTA ^ fK^ 

be implemented. The auxiUary channel may also be useful FSK signals. In a firet operadon. device 4U uses the ollBut \ \->f^ 

during setup of connections. 35 si gnals oTthe two envelope detectors 38 and 39 to der ive 

5. Duplex Operation " Tfom them the estimated PPM encoded data sighairiTthe n 
The first scenario described in 3. and the scenario uses this si g nal to produce estimated restored pulses and 

described in 4. can be modified to allow duplex operation, output them on one of the output terminals 41. In a second 

i.e. simultaneous transmission and reception between two opera tion, device 40 us es the~outpuI^ignais oi tne two " 

units in a network (e.g. between a baseslation and a mobile 40 envelope detectors 38739 to derive from them the estima ted 

unit). This can be accomplished by assigning independent frequency information which carries the auxiliary data infor- 

sets of subcarriers for transmission and reception to the " mati^TTtlnen uscsThis signai to produce estimated res tored 

terminals involved and by appropriate design of the trans- auxiliary data bits and outputs them on one of the output 

mitters and receivers. Duplex operation may also be useful temiinals^i.__ " " ^ 

during setup of connections, e.g. for speed negotiations. 45 The estimateJpulse posit ions (according.to the PPM par t 
Ajconventional PPM communications system for wireless of thT^invention) and estimated frequency information 
optical data transmission comprises a transmitter with a (according to tfic>SK p art ot th e mvention) arc mad e 
PP M encoder for transformation of serial user data into avaHaHl eTTihe output of said^ evice 40. The output s of 
pulse position modulated signals (usually of rectangular "Sevice 40 may be used for direct deco ding of the transmitted 
sHapB)'"a!rd^ligHt'^urce^ I fae~receiver oi sucn a PPM 50 mam ^ta-( pulse_position) and auxiliary data (h-equeng y 
system usuauy comprises means for pulse restoration and a iQfonnatidD):=» 
^^iA^^ pulse position aecoaer re-generatmg said serial user data. In FIG. 10, an opto-eledronic receiver is shown, v^ch is 
^£ Jl^ T he_transmi!Ienrf^ e ' pipieut hybnd PPM -FSK syste m used to illustrate the modularity and compatibility of the 
r\k/\h(MA^^ ft"^^'' comprises means for trequenc y modulation which present invention with conventional PPM systems. As sche- 
V>tv jBgdulate'r aibcarrier'lrequency wi lh tne puise-position - 55 matically shown in this Figure, the receiver comprises a 
modulated siggais provided byine ffM transmitter part, an d conventional opto-electronic receiver 60 (frontend) fol- 
means for modulating the int ensity of said light source in lowed by an optional FSK unit 61, and a PPM unit 62. The 
^ ordeftg'trinsmlnnlditional^or redundant information jjs output of such a receiver might be coupled via an interface 
bandpass components, llie" receiver of a hybrid PPM-FSI C logic 63 to a personal computer or a network for example, 
system might further comprise means for bandpass filtering 60 Additionally, different implementations of a device for auto- 
•^ndTDeansrfor'tfae'detgctronl5r said miormation transmitted " matic gain control 64 (AGC) are indicated. Different con- 
as band^a^_aDmgoncnts^ figuratioas of the above units are conceivable and a receiver 
An extension of the pulse-position-modulated signals to a might be easily adapted to the respective transmission 
sig nal set wit h a second subcarrier frequency provides for an scheme. Even a conventional PPM receiver, i.e. a receiver 
additional ch annel for the transmission ot mtormation as 65 only comprising units 60 and 62, is able to receive and detect 
_ £eyond bandpa&> compouem^. The added dimensionality the baseband components sent by a hybrid PPM-FSK trans- 
allows duplex oommunication. mitter. 
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The above described systems (see FIGS. 9 and 10) might 
comprise means for adjusting the data throughput for the 
transmission of data from the transmitter to the receiver. The 
data throughput can either be adjusted automatically or 
selected and adjusted by the user. For means operating S 
automatically, it is necessary to watch and determine the 
ambient light conditions. This can be done by direct or 
indirect means. For example a second photodiodc can be 
employed at the receiver which serves as reference source 
for determining the actual environment conditions at the lO 
receiver. Ambient light conditions can also be estimated 
from error rate measurements in the receiver itself. 

TTie means for controlling the data throughput and adjust- 
ing the data rate can be implemented such that, when 
adverse ambient light conditions are detected, the transmis- is 
sion rate is reduced on individual channels and the infor- 
mation is transmitted via parallel channels provided by tile 
PPM-FSK scheme. This allows to keep the data throughput 
almost constant even under adverse conditions. In case of 
transmission with reduced data rate, the effective width of 20 
the bandpass filter at the receiver side has to be reduced 
automatically. 

By means of a suitable communications protocol, the data 
througl^ut for communication between the transmitter and 
the receiver might be [negotiated either ^en installing a 25 
commtmications system in accordance with the present 
invention, or each time an optical communication link is 
setup, or eadi time a data p&cket is sent. 

When employing the present invention in an optical 
network with repeater, which retransmits correctly received 30 
data packets, as ilhistrated in FIG. ID, the overall neUvork 
throughput and area coverage can be increased. 
Altematively, one or several participating units (stations) 
may be configured to retransmit packets not addressed to 
themselves. TTie repeater concept is also suited to increase 35 
the overall network range which is important in open area 
oflBces, for example, 

One or several participating units (stations) may be con- 
figured to automatically switch to data transmission accord- 
ing to the hybrid FPM^FSK sdieme under adverse condi- 40 
tions. 

It is to be noted that other types of frequency modulation 
are possible. Instead of tising a constant frequency fj, one 
could for example linearely increase the frequency over the 
pulse width (known as chirp-modulation). 45 

I claim: 

1. A method for wireless transmission of data in the form 
of optical signals from a light source of a transmitter, said 
method comprising the steps of; 

transforming a firs t daf ^ signal into a pulse-position- 
mo dulated (PPM) signal, 

modulating a first subcarrier signal of constant or variable 

freqvei)cy with RaiH PPM ggnal tn generate a first 

frequency modulated signal; 
modulating a second subfff^n'igr signal nf constant or 

variable frequency £, with said PPM signal to generate 

a second frequency modulated signa^ 
g enerating a driver sig nal consisting of either said firsts 

£[ ^uencym odulatedrsigiiaLQiJsd ar$fecond''&e^ 50 

modulated signal as selected by a second data signal ; 

and _ 

modulating a light source with said driver signal, to 
transmit data with a baseband component carrying 
information only of said first data signal and as band- 65 
pass components carrying information of both said first 
data signal and said second data signal. 
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2. The method of claim 1, wherein a receiver 
extracts transmitted information from said bandpass 

components, or 

extracts transmitted information from said baseband 
component, or 

extracts transmitted information from said baseband com- 
ponent and said bandpass components. 

3. The method of claim 2 wherein said bandpass compo- 
nents are used for duplex transmission of data. 

4. The method of claim 2, wherein said receiver extracts 
data from said baseband component and said bandpass 
components, said components being used to reduce the error 
probability of the transmitted data. 

5. The method of claim 1, wherein said baseband com- 
ponent is used for protocol negotiations at connection setup. 

6. A transmitter for use in an optical wireless pulse- 
position-modulation (PPM) communication system, com- 
prising 

a PPM encoder for transforming a first data signaLto be 

tr ansmitted into a PPM signal; 
a first frequency mndulatnr for modulating a first subcar- 

rier signal of constant or variable frccmcncy f , with said 

yPM signal to generate a first frequency modtilated 

si gnal: ^ 

a second freauencv modulator for modulating a second 
subcarrier signal of constant or variable frequency f a 
with said PPM signal to generate a second irequen cy 
modulated signal; 

a light source, 

a means for generating a driver signal consisting of either 
said first frequency modulated signal or said second 
frequency modulated signal as selected by a second 
data signal; and, 

a means for modulating said light source with said driver 
signal to transmit data as a baseband component car- 
rying information only of said first data signal and as 
bandpass components carrying information of both said 
first data signal and said second data signal. 

7. An optical wireless pulse-position-modulation (PPM) 
communication system comprising: 

a transmitter further comprising 
a PPM encoder for transformmg a first data signal to be 

tr ansmitted into a PPM signal; 
a first frequency modulator for modulating a firs t 

sub carrier signal of constant or variable frequency 
" ^th said FFM signal to generate a first frcqueno r 

modulated signal: , 
a se cond frequency modulator for modulating a second 

subc amer signal of constant or variable frequency f, , 

with s aid PPM signal to generate a second frequenc y 

modulated signal; 
a means for g enerating^ a driver signal consisting of 

cither sa id first trequency modulated signal or^cL. 
"secono irequency modulated signal as selected by a_ 

second data signal; 
a light source; and," 

a means for modulating said light source with said 
driver signal to transmit data as a baseband compo- 
nent carrying information only of said first data 
signal and as bandpass components carrying infor- 
mation of both said first data signal and said second 
data signal; 
,and a rrr^ivfr f urther comprising 

an npto-ftif>gtmnir /Tin Vf r teiL foT conversion of opti cal 
sif^nals received into electrical signals^ and 
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a means-iaiLexiractiiig-dA U-from said baseband com - 
ponent and p\dse position de oodipg means tor dcteg - 
tion'lgr'saia, gala extraciea trgm said baseban d 
cx)inpoi icnt;^o{^ 

a means for extracting data from said bandpass com- 5 
poncnts and means for detection of said data from 
said bandpass components, or 

a means for extracting data from said baseband com- 
ponent and bandpass components and means for 
detection of said data extracted from said baseband lO 
component and bandpass components. 

8. The receiver of claim 7 further comprising: 

a means for extracting data transmitted as further band- 
pass components within said optical signal, 

a means for detection of said data extracted from said 
further bandpass components. 

9. The PPM commmiication system of claim 7, equipped 
for duplex communication by transmission of data as first, 
second or higher bandpass components. 

10. The PPM communication system of claim 7, com- ^ 
prising means for increasing the dimensionality of a frame 
signal set used for the p\ilse -position-modulation by assign- 
ing different subcarrier frequencies to said frame signal set, 
said subcarrier frequencies being orthogonal to each other. 

11. The PPM communication system of claim 10, wherein ^ 
different frame signal sets are assigned to different subcar- 
rier frequencies to obtain independent multichannel opera- 
tion for collocated networks. 
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12. The PPM communication system of claim U, wherein 
all receivers of a first network use the same bandpass filters 
to suppress interference from said collocated networks oper- 
ating with different subcarrier frequencies. 

13. The PPM communication system of claim U, wherein 
different frame signal sets are assigned to different subcar- 
rier frequencies to obtain multichannel operation for collo- 
cated networks, the activities of said collocated networks 
being coordinated by means of carrier sense detectors sens- 
ing said baseband components originating from any trans- 
mitter of said collocated networks. 

14. The PPM communication system of claim 7, wherein 
said receiver comprises means for coherent and/or 
noncoherent, including hybrid, detection of said bandpass 
components. 

15. The PPM communication system of claim 7, wherein 
signals extracted from said bandpass and baseband compo- 
nents are used to reduce the error probability of the trans- 
mission caused by multq}ath distortion and/or noise and/or 
ambient light. 

16. Hic PPM communication system of any of the pre- 
ceding claims, wherein said bandpass components are used 
during setup of a connection between said transmitter and 
said receiver. 

4> 4> ♦ * « 
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